Neoseiulus californicus and N. cucumeris are both potential candidates for the biological control of key pests in China. Whereas N. californicus has mainly been used to control spider mites, N. cucumeris has been released for the control of thrips and spider mites. To understand the potential of the combined use of N. californicus and N. cucumeris to suppress outbreaks of Tetranychus urticae, the predatory performance of these Neoseiulus species against different stages of T. urticae, either separately or in combination, was evaluated by assessing their functional responses in the laboratory. The values of the attack rate coefficient (α) of N. californicus to each stage of T. urticae exceeded those of N. cucumeris, whereas the handling time (T h ) of N. californicus was longer than that of N. cucumeris, except when attacking the larvae of T. urticae. Especially at the higher prey densities, N. cucumeris consumed more eggs per day than N. californicus, whereas N. californicus consumed more larvae. Both predators killed similar numbers of nymphs at each density when tested singly. The searching efficiency of the Neoseiulus species decreased with increasing prey densities, and for all stages of T. urticae, the searching efficiency of the Neoseiulus species tested singly was lower than when they were tested together. The study indicates the potential of mixed releases of N. californicus and N. cucumeris for the management of spider mite infestations.
Introduction
The two-spotted spider mite (TSSM), Tetranychus urticae Koch (Acari: Tetranychidae), is one of the most polyphagous arthropod herbivores, feeding on more than 1100 plant species, including more than 150 species of economic value and belonging to more than 140 different plant families (Pavela, 2017) . This mite has become a serious problem due to the large scale use of chemical insecticides. Widespread acaricide usage has eliminated many of the natural enemies of spider mites, resulting in a reduction in predation pressure on the mite (Wu et al. 2016) . Further, because of its rapid developmental rate and high net reproduction, this mite species rapidly develops resistance to acaricides, even after only a few applications (Uddin et al. 2017) . As a result, the augmentative release of biological control agents such as predatory mites has become a popular option for managing spider mite outbreaks (Amoah et al. 2016; Gigon et al. 2016; Seiedy et al. 2017; Uddin et al. 2017) .
Neoseiulus californicus (McGregor) and N. cucumeris (Oudemans) are among the most important predators used in augmentative biological control against mites and thrips (Mendel & Schausberger 2011 ). However, these mites have very different life styles. Neoseiulus californicus shows adaptations for living in spider mites colonies with heavy webbing, and this species belongs to the type II selective predators of tetranychid mites according to the classification of McMurtry et al. (2013) . This species has been widely used to control TSSM (Canlas et al. 2006; Barbosa & de Moraes 2015; Liu et al. 2016 ), but was not a suitable biological control agent for the thrips Caliothrips phaseoli Hood (Thysanoptera: Thripidae) (Toldi et al. 2016) .
Neoseiulus cucumeris is a generalist phytoseiid mite, which prefers other prey than spider mites, and belongs to the type III predator species (McMurtry et al. 2013) . It is commonly used to control thrips on horticultural plants (Xu et al. 2011; . Due to its inability to cope with the dense spider mite webbing, relatively little attention has been paid to its potential for controlling spider mites; however, with the widening commercialization of N. cucumeris, it is also being applied to control spider mites on fruit trees, cotton and other crops Zhang et al. 2016) . The functional response concept has been widely utilized to evaluate effectiveness of predators, and has been used to predict the potential effectiveness of candidates for biological control. Handling time is a good indicator of consumption rate and predator efficacy because it reflects the cumulative time required to capture and kill a prey (Ali et al. 2011) . Previous studies have indicated that N. californicus displays high predation rates on the larvae and nymphs of T. urticae (Song et al. 2016) , whereas N. cucumeris could develop to the adult stage when offered sufficient fresh eggs of T. urticae . To further understand the predatory abilities of N. cucumeris against the immature stages of T. urticae, and to assess the potential of the combined use of N. californicus and N. cucumeris for the control of T. urticae, we evaluated functional responses of these two Neoseiulus species against different life stages of T. urticae, both singly and when combined.
Materials and methods

Mite cultures
The initial populations of N. californicus and T. urticae were collected from Carica papaya L. at Guangzhou, China in 2011. Neoseiulus californicus was maintained using mixed stages of T. urticae on bean (Phaseolus vulgaris L.) leaves placed on water-saturated sponges (10 cm in diameter, 3 cm thick) in plastic boxes (15 cm ×15 cm ×6.5 cm). N cucumeris was reared on Tyrophagus putrescentiae (Schrank) which was collected from wheat bran and colonies were set up in petri dishes (9cm in diameter) with dry yeast; the petri dishes were placed on water-saturated sponges (13cm in diameter, 3 cm thick) in plastic circular boxes (20 cm in diameter) with water. All cultures were kept in climatic incubators (25±1 °C, 65±10% RH and 16:8 h L:D). The stock colony of T. urticae was maintained on bean leaves under similar conditions.
General experimental conditions
The experimental unit consisted in a bean leaf disc (3.5cm diameter) placed upside down on a watersaturated sponge (3.5cm diameter). The leaf discs were surrounded with strips of absorbent paper in order to minimize the escape of individual mites and provide moisture. Individuals trapped in the wet paper surrounding the leaf discs were excluded from data analysis. Every four test units were treated as one test group, and each test group was maintained in a square plastic box as described above. The plastic boxes were filled with water until the water level was just below the leaf disc, and water was added every day. All experiments were conducted at 25 ± 1°C, 65 ± 10% RH and a photoperiod of 16 h : 8 h (L: D). Adult females (< 24 h old) of each predator species were randomly taken from the stock culture; they were isolated from the stock colony before reaching the adult stage in order to obtain females of uniform age. Then the females were allowed to mate with males for 24h, after which they were starved for another 24h.
Each mite was transferred with a fine hair brush to the experimental units for the functional response experiments, and any individuals injured during the transfer were excluded from the experiments.
Functional response experiments
Six densities of eggs, larvae, protonymphs and deutonymphs of T. urticae were offered to single adult females of N. californicus or N. cucumeris, and to a combination of one N. californicus female with one N. cucumeris female. The tested densities of eggs and larvae of T. urticae were 10, 20, 30, 40, 50 and 60 per unit; the densities of protonymphs and deutonymphs of T. urticae were 5, 10, 15, 20, 30 and 40 per unit.
The different densities of prey eggs were obtained as follows: 5−15 adult females of T. urticae from the stock culture were introduced onto bean leaf discs and allowed to lay eggs for about 24 h under the experimental conditions, after which the females were removed. The numbers of prey eggs were adjusted for each test density by removing excess eggs with a fine brush.
For prey larvae and nymphs, sufficient numbers of adult females (about 50) of T. urticae from the stock culture were introduced onto a new bean leaf disc, and allowed to lay eggs for 6 h, after which the females were removed. The discs with eggs were then allowed to develop in a climatic incubator at 25°C. As soon as the larvae or nymphs (protonymphs and deutonymphs) were observed, they were transferred to the experimental units using a fine brush.
For each treatment, 10 replicates were done. After 24 h, the number of prey eaten was determined by counting intact eggs and the carcasses of larvae or nymphs.
Data analysis
The data from the functional response experiments were analyzed in two steps (Juliano 2001) . First, a logistic regression of the proportion of prey consumed (N e /N 0 ) as a function of initial density (N 0 ) was used to determine the shape of the functional response. The data were fitted to a polynomial function that describes the relationship between the proportion of prey consumed (N e /N 0 ) and initial density (N 0 ):
(1) where (N e /N 0 ) is the probability a prey will be consumed, and P 0 , P 1 , P 2 and P 3 are the maximum likelihood estimates of the intercept, linear, quadratic and cubic coefficients, respectively. The values of P 0 , P 1 , P 2 and P 3 were estimated by using a cubic mathematical function for curve estimation (Table 1 ). The type of functional response was determined by fitting data to the model (1). The sign of P 1 and P 2 was used to distinguish the shape of the curves. When the sign of P 1 is negative, the predator displays a Type II functional response indicating that the proportion of prey consumed declines monotonically with the initial number of prey. When a positive densitydependent result for the proportion of prey consumed (P 1 > 0 and P 2 < 0) is obtained, the predator displays a Type III functional response (Juliano 2001; Song et al. 2016) .
Second, the handling time and the attack rate coefficients of a type II response were estimated using the random predator equation:
where N e is the number of prey killed; N 0 is the initial number of prey; T h is the handling time; and T is the total time available for the predator (24 h). The data was analyzed using SAS software (SAS 2007) . The NLIN procedure in SAS was used to estimate the attack rate (α) and handling time (T h ) parameters.
Based on the estimated parameters of the functional response (2), the searching efficiency (E) was calculated by the equation: E = α / (1+αT h N 0 ) (Beddington 1975 ). The effect of prey density on the daily consumption by single and combined Neoseiulus species was analyzed by one-way ANOVA followed by Tukey's test (P=0.05) (SAS 2007) .
Results
The linear coefficient (P 1 ) of Equation (1) was negative ( Table 1 ), indicating that the functional response of the studied Neoseiulus species in the single or combined treatments was type II for all life stages of T. urticae. Thus, the "random predator equation" (2) for Type II was used to estimate the attack rate (α) and the handling time (T h ) (Tables 2 to 4). The estimated attack rate coefficients (α) of N. californicus to each stage of T. urticae were greater than those of N. cucumeris (Tables 2 and 3 ). However, the handling times (T h ) of N. californicus feeding on T. urticae were overall longer than those of N. cucumeris, except for the larvae of T. urticae. The maximum attack rates (T/T h , expressed as prey items killed per day) of N. cucumeris on eggs (43.92), protonymphs (34.51) and deutonymphs (73.53) were much higher than the values calculated for N. californicus (eggs: 12.58; protonymphs: 21.30; and deutonymphs: 33.60), whereas the maximum attack rate of N. californicus on larvae (44.66) was higher than that for N. cucumeris (40.45) (Tables 2 and 3) .
N. cucumeris consumed more eggs than N. californicus per day, and significantly so at densities 50 and 60 prey individuals per arena ( than N. cucumeris at each density (Table 6 ). There was no significant difference between the predation of nymphs by N. californicus and N. cucumeris (Table 7 and 8) . The means followed by different letters within one row (the same density) are significantly different (P<0.05, Tukey's test).
The theoretical values of the predation by N. californicus and N. cucumeris combined were calculated by adding up the observed predation values of N. californicus and N. cucumeris when tested separately. Whereas for the predation of eggs at high densities (40, 50 and 60) by the combined N. californicus and N. cucumeris no significant deviations from the theoretical predation rates were found, the observed predation of eggs at lower densities, and of larvae and nymphs at all densities by the combined N. californicus and N. cucumeris were significantly lower than the theoretical predation rates (Table 5 The searching efficiency (E) of single and combined Neoseiulus species when offered different stages of T. urticae at different densities is presented in Figure 1 . The searching efficiency of the Neoseiulus species decreased with increasing prey densities, and for all stages of T. urticae, the searching efficiency in the treatments with single females of each species was lower than in the combined treatments. FIGURE 1. Searching efficiency of single and combined Neoseiulus species when offered different stages of Tetranychus urticae at different densities.
Discussion
In this study, the handling time of N. californicus feeding on T. urticae was longer than that of N. cucumeris except for the larvae of T. urticae, and the daily consumption by the Neoseiulus species at different densities of eggs and larvae showed that overall N. californicus consumed more larvae, whereas N. cucumeris consumed more eggs. Likewise, reported that N. cucumeris showed high predation ability on T. urticae eggs. On the other hand, the consumption of protonymphs or deutonymphs by both Neoseiulus species was similar. Thus, under conditions where there is little or no webbing on the leaf surface, like in our laboratory study, N. cucumeris showed the same ability as N. californicus to prey on T. urticae. This can explain why the preventive release of N. cucumeris was shown to be effective against spider mites in China .
The actual values of predation by the combined Neoseiulus species on eggs offered at lower densities, and on larvae and nymphs at all densities were significantly lower than the calculated theoretical values. This indicates that both N. californicus and N. cucumeris may have interfered with one and other when foraging for prey, particularly at low prey densities. Indeed, the difference in predator densities among the treatments may have affected the outcome of our experiments: whereas in the single treatments only one female was present per experimental unit, the combined treatment had two females per arena. To fully understand the interference between N. californicus and N. cucumeris, it would be advisable to use the same initial predator density in the functional response experiments. For instance, Farazmand et al. (2012) showed that the per capita searching efficiencies of both N. californicus and Typhlodromus bagdasarjani Wainstein & Arutunjan decreased significantly with increasing predator densities, indicating mutual interference among the phytoseiids.
Several semi-field and greenhouse experiments have been conducted to evaluate the effectiveness of releasing multiple species of natural enemies to that of using single species for the control of single or multiple prey species, and they have indicated that in a number of cases different species may facilitate each other and have a synergistic effect on pest control. Releasing P. persimilis together with N. californicus could achieve better control of spider mite infestations (Schausberger & Walzer 2001; Rhodes et al. 2006; Cakmak et al. 2009 ). Further, Messelink et al. (2008) reported that when offered a mixed diet, the phytoseiids Amblyseius swirskii (Athias-Henriot) and Euseius ovalis (Evans) were better at suppressing thrips and whiteflies.
Our laboratory study suggests that the combined release of N. californicus and N. cucumeris has potential for the control of two-spotted spider mite populations. However, it deserves emphasis that the parameters estimated in simple laboratory units cannot be easily extrapolated to field conditions (De Clercq et al. 2000) . Further studies should focus on the interference effect between these two species under more realistic conditions and how to effectively combine releases of N. californicus and N. cucumeris in the field.
